Abstract-In order to solve the problem of strong coupling between torque and suspension force of bearingless switching motor and the strong chattering of sliding mode control, a direct suspension force control method for hybrid stator bearingless switched reluctance motor based on quasi-continuous thirdorder sliding mode is proposed. According to the special structure of hybrid stator bearingless switched reluctance motor, the direct decoupling of torque and suspension force is realized. The suspension force control system adopts the direct suspension force control of the third-order sliding mode. By comparing with the second-order sliding mode control system under the condition of interference source and non-interference source, the results show that the designed control strategy has high precision, strong robustness, fast convergence speed, and it can effectively decrease vibration.
INTRODUCTION
Bearing switched reluctance motor (BSRM) combines the properties of magnetic bearing and switched reluctance motor (SRM) to realize the suspension of motor rotor, which has the advantages of high speed, high output power, low cost, and low loss [1] [2] [3] . These features make it have a good prospect in high speed flywheel energy storage and other applications.
Because of the coupling of suspension winding and torque winding, it is difficult to control the system, so the control system mainly adopts compound control [4] [5] [6] . In order to reduce the difficulty of control, the decoupling method of the suspension system and the torque system of the BSRM has become the research goal. Ref. [7] used the method of differential geometry to achieve radial suspension force decoupling. Ref. [8] adopts a neural network inverse model to decouple BSRM, and three closedloop controllers are designed for pseudo-linear systems. Ref. [9] realizes the radial decoupling of a pseudo-linear system in SRM and parameter adjustment of the system according to dynamic features. Considering the change of parameters with time and the uncertainty of the system, a fuzzy compensator is designed to compensate the system in [10] . Ref. [11] proposes a new decoupling control strategy based on improved inverse system method, and a robust servo regulator is adopted for the decoupled plants. The above control strategies have their own different advantages, but these strategies will lead to the complexity of modeling. Therefore, for the BSRM with a complex structure, strong coupling, and nonlinearity, it is necessary to study a control method which can simultaneously consider system decoupling and simplify modeling.
When a BSRM system is subject to the disturbances from the parameter changes and external environment, the traditional sliding mode control can effectively solve the problem of large torque ripple and instability of the system because of its strong robustness and simple control algorithm [12, 13] . However, the nature of the low-order sliding mode control action is of the discontinuous type and often accompanied by high-frequency chattering [14, 15] , which presents the disadvantage that the high frequency exists in the system and will destroy the dynamic characteristics [16] . Therefore, the highorder sliding mode applied to the control system to solve the chattering [17, 18] , which not only maintains the advantages of the traditional sliding mode, but also has higher precision and eliminates the limitation of relative degree, and the design of sliding surface is also flexible. Compared with the low-order sliding mode control which has the problems of discontinuous control and severe chattering, the chattering of the second-order sliding mode decreases in a certain extent, but the effects of these factors on the control system are also not negligible. Accordingly, further reducing the chattering of sliding mode control is a hot issue in sliding mode control.
In this paper, a 12/14 Hybrid Stator Bearingless Switched Reluctance Motor (HSBSRM) is taken as the research object, and the control system is divided into two parts: torque control system and suspension force control system. Common strategies for torque control are angle position control (APC), current chopping control (CCC), and voltage chopping control (VCC) [19] . Researchers have also proposed optimization methods [20] [21] [22] to reduce the pulsation of system. On this basis, in order to reduce the chattering and improve the robustness of the system, suspension force control subsystem is taken as a research focus, and the control system adopts direct suspension force control. The thirdorder sliding mode control based on the quasi-continuous high order sliding mode (HOSM) control algorithm [23] [24] [25] is applied to the control system to achieve stable control of the suspension force. Firstly, the principles of structure and suspension in the HSBSRM are introduced. The mathematical model of suspension force is analyzed, and the direct suspension force control method is proposed. Then the third-order sliding mode controller is designed by using quasi-continuous HOSM control algorithm. The simulation results show that the control system adopts direct suspension force control feasibility. Compared with the second-order sliding mode control, the direct suspension force control method with the third-order sliding mode can further eliminate chattering.
STRUCTURE AND OPERATING PRINCIPLE OF HSBSRM
The structure of 12/14 pole HSBSRM is shown in Fig. 1 , and the motor torque coils need to be wound across stator teeth divided into phases A and phases B. The windings on poles A1, A2, A3, and A4 are connected in series to form A phase winding, and the windings on poles B1, B2, B3, and B4 are connected in series to form a B phase winding. T1, T2, T3, and T4 form the magnetic poles of the suspension force system. After the motor is energized, T3 and T4 poles generate x-axis direction suspension force, and T1 and T2 poles generate y-axis direction suspension force. By changing the current direction, the magnitude of air gap flux is changed, and the rotor is subjected to a suspension force in the positive or negative direction, so that the motor can be smoothly suspended. Figure 1 . Structure of HSBSRM.
In order to simplify the analysis, assuming that the motor is in an ideal state without considering the hysteresis and eddy current loss, the voltage and flux equation of each phase are respectively given by:
where Ψ is the flux, and i is the phase current of the conduction winding. Due to the width of the pole arc of the suspension pole and the rotor pole pitch in the HSBSRM structure, the alignment area of the two poles remains unchanged, so the rotor position has little influence on the inductance of the suspension winding. The torque of the motor is proportional to the current and inductance, so the torque in the suspension winding is much smaller than the torque in the torque winding so that it can be ignored. Due to the above reasons, the coupling between the torque and the suspension force in the HSBSRM control strategy can be neglected to realize self-decoupling. This structure effectively solves the problem of strong coupling and reduces the complexity of the control system.
SUSPENSION FORCE CONTROL STRATEGY

Mathematical Model of Suspension Force
In the suspension system, the suspension force is divided into the suspension force F x in x-axis direction and the suspension force F y in y-axis direction, and suspension force F x is analyzed by taking the x-axis direction as an example. When the system is in balance, the air gap length is l 0 ; the effective crosssectional area of the magnetic circuit is A; the number of winding turns is n; the vacuum permeability is μ 0 ; the magnetic induction is B; and the current is i. The suspension force F can be obtained:
When the displacement of the rotor in the positive direction of the x-axis is x, the air gap between the positive direction of the x-axis and the rotor is l − x, and the air gap between the negative direction of the x-axis and the rotor is l + x. If the differential control method is adopted, considering the static bias current i 0 , the current of the suspension winding in the positive direction of the x-axis is i 0 −i 1 , and the current of the suspension winding in the negative direction of the x-axis is i 0 + i 1 . Therefore, the suspension force F 1 in x-axis positive direction and suspension force F 2 in the x-axis negative direction are respectively:
The resultant force in the x-axis direction is:
Similarly, the mathematical model of the suspension force of HSBSRM in the y direction of the suspension system can also be obtained.
Direct Suspension Force Control
This paper has achieved double-loop control for the suspension control subsystem. The displacement constitutes the outer ring, and the inner ring is the suspension force ring. The direct suspension control can compensate the loss of the suspension force during the commutation in the traditional method, and the motor parameters have less influence on the control method, which reduces the difficulty of control modeling. The suspension system control block diagram is shown in Fig. 2 . Taking the x direction of the motor as an example, the suspension force F x of the motor output is converted into displacement x by the force-displacement module, and the displacement x is compared with the reference of the displacement x* to obtain the displacement error which acts as the input of the controller. Secondly, the reference suspension force F x * which is output from the SMC is compared with the actual suspension force F x to obtain e rx . If e rx > 0, the hysteresis loop controller can set the output signal 1; the main switch in the power converter is turned on; F x increases in the positive direction of the x-axis gradually. If e rx < 0, the hysteresis loop controller can set the output signal −1; the main switch in the power converter is turned off; F x gradually increases in the negative direction of the x-axis. In this way, the suspension force F x will be maintained within a certain range, accompanied by fluctuations, and finally it will complete the smooth operation of the motor suspension system and stabilize the displacement.
HIGH-ORDER SLIDING MODE CONTROLLER
The high-order sliding mode not only inherits the invariance of the traditional low-order sliding mode, but also has new features, which make the high-order sliding mode have the characteristics of high precision, fast response, and chattering suppression in the system.
In order to further eliminate the chattering in the control system and improve the control accuracy and response speed, the quasi-continuous HOSM algorithm is introduced into the sliding mode controller, and the second-order and third-order sliding mode control methods based on this algorithm are designed and compared.
The Design Method of Sliding Mode Controller
Since the sliding mode principle of the x-axis direction is the same as the the y-axis direction, the third-order sliding mode based on the quasi-continuous HOSM algorithm is described by taking the x-axis direction as an example. Establish a mathematical model of the controlled object:
where x is the radial displacement of the rotor in the x-axis direction, x* the reference displacement of the rotor in the x-axis direction, v x the rotational velocity of the rotor in the x-axis direction, F x the suspension force in the x-axis direction, and m the quality of the rotor. Design the sliding surface according to the sliding mode control theory:
whereė x is the first-order derivative of the displacement error, andë x is the second-order derivative of the displacement error. The known suspension system equation is: F x = mẍ (8) whereẍ is the second derivative of the displacement in the x-axis direction,ÿ the second derivative of the displacement in the y-axis direction, and F x ithe suspension force in the x-axis direction. Assuming that F x = u 1 ,Ḟ x = u 2 , it can be concluded separately that the relative orders of the system are r = 2 and r = 3, therefore, the control rates of second-order and third-order sliding mode controllers are designed according to the quasi-continuous algorithm:
When r = 2:
When r = 3:
where sign(S x ) is a symbol function; u 1 and u 2 are the control rates of the second-order and third-order sliding mode controllers in the x-axis direction respectively; and α 1 , α 2 are adjustable parameters. If α x is sufficiently large within a certain time, then S x ,Ṡ x ,S x → 0.Ṡ x is the first-order differential term of the sliding amount S x , andS x is the second-order differential term of the sliding amount S x . u 1 and u 2 are continuous except for S x =Ṡ x =S x = 0, so that the actual control can be obtained:
A Design Method for Differential Controller
In fact, the above values cannot be obtained by the feedback of the sliding mode control system. In order to obtain the derivative of slip values, a differential controller designed by Levent is introduced to estimate these values [26] . In the switched reluctance motor output feedback controller, S x ,Ṡ x , and S x are replaced by z x0 , z x1 , and z x2 :
where v x0 , v x1 , and v x2 are the values of the x-axis direction, which are set by the differentiator, then these values obtained by the differentiator are substituted into the third-order sliding mode displacement controller, and finally following formula will be obtained:
Therefore, the design of the sliding mode displacement controller is:
The Lyapunov second method is used to prove the existence of the sliding mode in the suspension system, and it meets the requirements of accessibility and stability. Therefore, prove the stability of the error dynamic system in Eq. (8): select the Lyapunov function as:
Let x 1 = x, x 2 =ẋ 1 , so according to Equation (8), the equation of state is
Deriving Equations (6) and (7) respectively:
where β > 0, deriving Equation (16) and substituting Equations (17), (18) to iṫ
Combining Equation (17), since the suspension force F x is bounded, so that βẋ 2 must be bounded, let βẋ 2 ≤ M , the following formula can be obtained:
It can be known from Equation (20) that only parameter α 2 is greater than the upper bound M of the suspension force F x , and the stability of the control system can be ensured through the Lemma's theorem.
SIMULATION RESULTS AND DISCUSSIONS
In order to verify the effectiveness of the direct torque control based on the quasi-continuous third-order sliding mode of HSBSRM, the HSBSRM suspension force subsystem control model is established based on the Simulink simulation platform. Parameters of the simulation model are shown in Table 1 . In order to verify the robustness, the non-interference condition and interference condition are set to simulate the suspension force control strategy, respectively. Simultaneously, in order to verify the effectiveness of suppressing the chattering, the second-order sliding mode controller and third-order sliding mode controller are respectively applied to the control strategy for comparison.
Simulation Results and Analysis under Non-Interference Signals
The simulation model of the suspension force control under the condition of non-interference signal is established. The rotor displacement of HSBSRM is shown in Fig. 3 , and the suspension ripple of HSBSRM is shown in Fig. 4 . The dynamic response of the displacement based on the second-order sliding mode controller is shown in Fig. 3(a) . The displacement can be quickly and stably balanced after 0.1 s, and it shows that the system has good dynamic characteristics, but it has severe chattering, and the displacement fluctuation ranges from 7×10 −6 to 9×10 −6 m. Fig. 3(b) shows dynamic response of the displacement based on the quasi-continuous third-order sliding mode controller. The displacement also maintains a steady state after 0.1 s, and the displacement fluctuation is around 7 × 10 −6 m. Obviously, this chattering is smaller than Fig. 3(a) . It is clear that the waveform is smoother, and there is almost no chattering of the displacement after 0.2 s.
The dynamic response of the suspension force ripple based on the second-order sliding mode controller is shown in Fig. 4(a) . The range of the suspension force is from −5 to 5N, and the response curve has high frequency jitter obviously. Fig. 4(b) is the dynamic response of the suspension force based on the Quasi-continuous third-order sliding mode controller. The suspension force ranges from −3 to 4N, and the waveform is smoother than that in Fig. 4(a) . It is clear that the suspension force pulsation is reduced by 30% and that the system response has a slight jitter before 0.4 s, and then it tends to be smooth.
Results and Analysis under Interference Signals
In order to analyze the robustness of the control system, an interference signal is introduced to the radial direction in the simulation model at 0.6 s. The displacement of the HSBSRM rotor is shown in Fig. 5 , and the suspension force pulsation is shown in Fig. 6 . Fig. 5(a) shows the displacement of the second-order sliding mode control under interference. The rotor position returns to the original position about 0.15 s after the disturbance. Fig. 5(b) shows the displacement based on the quasi-continuous third-order sliding mode controller under interference. The rotor position appears shaken after being disturbed, but it can quickly return to a stable state within 0.05 s, which is 66% faster than the speed of Fig. 5(a) .
The dynamic response of the suspension force ripple based on the second-order sliding mode controller under interference is shown in Fig. 6(a) . After being disturbed, the system suspension force has obvious large jitter. Fig. 6(b) is the dynamic response of the suspension force ripple based on the quasi-continuous third-order sliding mode controller under interference. The system suspension force ripple is smaller than that in Fig. 6(a) , and the waveform is smoother. It can be seen that the quasi-continuous third-order sliding mode controller system has the features of higher accuracy, robustness, and fast response. It has obvious effects on the suppression of chattering. This method reduces the jitter of the displacement and the suspension force during the control process, and improves the displacement recovery speed. It can also improve recovery speed of the displacement and the anti-jamming capability of the suspension under interference.
CONCLUSION
In this paper, a direct suspension force control strategy under the third-order sliding mode based on quasi-continuous algorithm is proposed for the HSBSRM to maintain the stability of suspension system. The direct torque control idea is introduced into the suspension force control method. Due to the discontinuity of the traditional sliding mode control, the buffeting of the suspension system will be caused which will affect the accuracy and stability of the control system, so the third-order sliding mode controller in the quasi-continuous algorithm is combined with the direct suspension force control method. The simulation results show that the direct suspension force control strategy avoids the modeling difficulties and simplifies the complexity of modeling. The third-order sliding mode in the control system has better suppression of the suspension force ripple than the second-order sliding mode control, with higher precision and strong robustness, which further effectively reduces the chattering of the system and the effect of vibration on system stability.
